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1. Introduction 
Yeast hexokinase has been extensively studied but 
the mechanism of the enzymatic reaction is still a 
subject of lively discussion [ 1, 2 and cited ref.] . 
Systematically modified ANP* seem to be useful 
probes for better understanding of the hexokinase 
nucleotide interactions in binding and catalysis 
processes. In previous tudies of this kind coupled 
indicator eactions were used [2, 31. However, direct 
monitoring of the nucleotide turnover is the best 
guarantee of true measurements and exact inter- 
pretations of results. 
Therefore, we should like to introduce high 
efficiency LC into enzymology [4,5] and to 
demonstrate he application of this direct analytical 
method in studies with ANP-thiophosphate analogues 
[6, 71 and hexokinase. Substitution of oxygen by 
sulfur in the a- and @position of the phosphate 
moiety of the nucleotide may lead to diaisostereo- 
merit forms [6, 81. Using an arbitrary nomenclature, 
peak 4 in the chromatogram in fig. 1 corresponds to 
* Abbreviations: ANP, adenine nucleotide(s); Lc, liquid cht~. 
matography; ADP (cuS), adenosine S’-O<l-thio-disphos 
@ate); ATP (aS), adenosin 5 ‘-O-(1-thio-triphosphnte). 
North-Holland Publishing Company - Amsterdam 
the so called A-form of ADP (Cus). Consequently, the 
diastereoisomer, peak 5, is the B-form. 
LC is apparently the only analytical method 
described [4] for separating the diastereoisomeric 
forms of ADP (Cus). In these experiments, LC enables 
us to monitor the reaction of hexokinase with the 
isomeric mixture of the A- and B-forms of ATP (&) 
in one incubation assay and both product forms, 
ADP (aS) A-form and ADP (ols) B-form can be 
determined in a single analysis. 
2. Materials aud methods 
2.1. Materials 
Hexokinase {ATP: D-hexose-6-phospho- 
transferase; EC 2.7.1.1; 2 mg/ml; 140 IU/mg } was 
purchased from Boehringer Biochemica, Mannheim, 
GFR. The thio-phosphate analogues of ANP were 
synthesized as described earlier [6, 71. All other 
substances were of reagent grade and are commonly 
available. 
2.2. Enzyme assay 
The incubation medium which was optimum for 
ATP in phosphoryltransfer reactions with hexokinase 
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Fig. 1. LC separation [4, 91 of a standard mixture of AMP, 
ADP and their a-thiophosphate analogues on a 300 mm glass 
column fiied with anion exchanger IONEX SB 0520 
purchased from Macherey Nagel + Co Dtiren GFR. The 
differences in the base line level are due to a change in 
sensitivity. 1 = AMP; 2 = AMP (crS); 3 = ADP; 4 = ADP (as) 
A-form; 5 = ADP (as) B-form. 
contained: 40 mM triethanolamine, 8 mM MgC12 ; 
40 mM glucose and 2 fl hexokinase (in a total 
volume of 310 ~1) at pH 7.8, and 25’C. The con- 
centration range of nucleoside triphosphates was 
from 0.061 to 4.98 mM for ATP and from 0.31 to 
3.79 mM for ATP (&) consisting of 42.52% of the 
A- and 55.87% of the B-diastereoisomer as previously 
determined by LC [4, 91. The reactions were started 
by addition of hexokinase. 
Hexokinase was tested for ATPase activity [lo] 
by substitution of mannitol for glucose under the 
conditions described above. 
2.3. LCanalysis 
Anion-exchange LC of ANP and of diastereo- 
isomeric thio-phosphate analogues was performed as 
described elsewhere [4,9]. The chromatogram of a 
standard mixture is shown in fig. 1. Special care was 
taken to keep all parameters of the LC system 
constant, e.g. composition and linear velocity of the 
mobile phase and column temperature. Peak height 
under these conditions was a reproducible quantitative 
measure with sufficient accuracy, as can be seen from 
the standard curve of measurement of ADP (see fig. 2). 
Each point represents he arithmetical mean of 
several 5~.tl samples injected on the column at 
different ime intervals throughout the kinetic 
measurements. The maximum deviation of the mean 
for the 95% range of confidence was + 0.7% as 
obtained in calibrations of ADP and ADP (Cus) 
solutions in a concentration range of 0.018 to 
0.34 mM. 
2.4. Sampling technique 
Without coupled glucose-6-phosphate dehydro- 
genase reaction, hexokinase reaction was found linear 
for at least 16 set at the highest ATP concentration 
used in the incubation assays. Therefore, within this 
period four or five 20 ~1 samples (see fig. 3) were 
taken from the incubation assays and denatured at 
different ime intervals in 10 /.d of 0.16 N HC104 
which contained 2 X 10e4 M 5’ AMP as an internal 
standard ul. This short period required an assistant 
for each sample as it was taken and denatured. The 
beginning and end of the incubations were automatic- 
ally registered by an event marker on a paper strip 
recorder unning at a constant chart speed of 
250 mm/mln. Immediately afterwards, the samples 
were frozen and stored in Nz until further analyzed 
by LC. Tracer amounts of uniformly “C-labelled 
5’ AMP of high specific activity (Radiochemical 
Centre, Amer.&m, England) served as an internal 
standard u2 in the incubation assays. Procedural 
errors were minimized by using the ratio u1 lo2 in the 
calculations. A similar procedure was used for 
monitoring the turnover of the thio-phosphate 
analogues of ATP. Sample timing was less critical 
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Fig. 2. Standard curve for measurement of ADP by LC 
c 
P 0.06 
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Fig 3. ADP {rcmoles 1produced by 4 ccg hexokinase (EC 2.7.1.1) at times indicated for different ATP-substrate concentrations 
1 = 25.674 X 1O-4 M; 2 = 5.802 X 1O-4 hi; 3 = 2.990 x 1O-4 M; 4 = 
0.609 x 1O-4 M. 
1.183 x 1O-4 M; 5 = 1.003 x lo4 6 = 
6 
M; 0.609 X 
= 
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since the linear range for reaction velocity was 1 min 
for ATP (cwS) A-form and 100 min for ATP (Crs) 
B-form. 
3. Remits 
As can be seen from figs. 4 and 5 KM- and Vmax 
values were derived by plotting i** with respect to 
i of the nucleoside triphosphates. The RC95% for a 
and b in the linear function y=ax+b were determined 
according to common statistical methods. The RC* 
95% of KM is limited by the two quotients 
(a+RCSS%)/(&RC95%) and (a-RC95%)/(btRC95%), 
that of V max by the reciprocals of (btRC95%) and 
of (b-RC95%). 
** Abbreviations: v, initial velocity; .S, substrate concen- 
tration; RC95%, 95% ranges of confidence; RC*95%, 
range of error for graphic determination of KM and 
V max in the Lineweaven-Burk plots. 
3.1. ATP 
Initial velocities, which were measured by LC 
within a maximum time of 16 set were linear and the 
origin of the graph in fig. 3 is within the RC95% for 
all b-values of table 1. Using these initial velocities, 
the following values were obtained from the 
Lineweaver-Burk plot (see fig. 4): KM = 5.0 
(4.1 - 6.1; RC*95%) X 10d4 M an&v,, = 105 
(90-l 26; RC*95%) units/mg hexokinase. 
Table 1 
Linear functions y = ax + b of the initial velocities from fig. 3, 
RC95% for a and B and linear correlation coefficients for 
small numbers { rsn }. 
1. rsn. = 0.999 y = (0.269 i 0.016) x - (0.00001 f 0.00267) 
2. rs.n. = 0.998 y = (0.279 f 0.026) x - (0.00096 * 0.00383) 
3. rs.n. = 0.996 y = (0.156 f 0.020) X + (0.00096 f 0.00302) 
4. r .sn. = 0.993 y = (0.085 * 0.019) x + (0.00131 i 0.00287) 
5. rsn. = 0.993 y = (0.067 * 0.011) x + (0.00067 i 0.00171) 
6. ran. = 0.999 y = (0.045 f 0.002) x + (0.00014 f 0.00031) 
25 
_I 
20 
Fig. 4. Determination of KM (5 X 10s4 M) and V ma (105 units/mg) for ATP in hexokinase (EC 2.7.1.1) reaction. The 
experimental points were derived from two different incubation assays. 
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Fig. 5. Determination of Kh ATP (&) A-form (1.2 X 10e3 Ml, V&X ATP (as) A-form (27 u~ts/mg), Kk ATP (as) 
(2*'32* 10s3)~dV~, Al'p (as) &form (0.48 units/mg) in the isomeric mixture of ATF’ (cYS) in hexokinase (E.C. 2 
reaction. A and B represent he different scales chosen for the A- and B-forms of ATP (0rS) on the ordinate. 
B-form 
-7.1.1) 
3.2. ATP (OS) 
In the same way the following values were 
obtained for ATP (OS) A-form: Kh = 1.2 (1.17 - 
1.23; RC*95%) X 10m3 M and vmax = 27 (+ 0.5; 
RC*95%) units/mg hexokinase, i.e. 28.4% V,, ATP 
and for ATP (Ors) B-form: Kh = 2.02 (1.99-2.05; 
RC*95%) X 10m3 M and I$!,,, = 0.48 (* 0.01; 
RC*95%) usingjmg hexokinase, i.e. 0.5% V,, ATP 
(see fig. 5). Our experimental values are designated 
Kh and Vk, in order to differentiate them from 
the values which would have resulted from separate 
incubations of ATP (arS) A-form and ATP (cuS) 
B-form. 
4. Discussion 
The KM of ATP determined by LC differs only 
slightly from published values. This difference cannot 
be attributed to ATPase activity [lo] , which was 
not detectable in hexokinase within the sampling 
time, even at high ATP concentrations ( ee Materials 
and methods, 2.2.). 
Chemical synthesis of ATP (oS) [6, 81 always 
leads to a mixture of the two diastereoisomeric 
forms A and B, which was used as a substrate for the 
hexokinase assays (see Materials and methods, 2.2.). 
Since the A- and B-forms react almost consecutively 
(see Materials and methods, 2.4.), the kinetic 
properties of ATP (ols) A-form are measured in the 
presence of equimolar amounts of ATP (cuS) B-form, 
whereas the B-form of ATP (Cus) reacts in the 
presence of equimolar amounts of diphosphate 
resulting from reaction of ATP (Cus) A-form. ATP (Crs) 
B-form and ADP (US) A-form are likely to have 
inhibitory effects on the turnover over the two forms 
of the triphosphates. The inhibitor/substrate ratio 
may be considered as constant for all measured 
ATP (olS) concentrations. The Lineweaver-Burk plots 
resulting from separate incubations of the diastereo- 
isomeric triphosphates would parallel the experimental 
points (see fig. 5). Our values (l/Kb and l/v’,,) 
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are higher than the true values (l/K, and l/V,,) 
for both isomers and KM/&, is equal to V,,/ 
v’ max. 
From these data, the following conclusions can be 
drawn: 
1. Substitution of an oxygen atom by sulfur in 
the phosphate chain seems to affect the binding 
affinities of the adenosine triphosphates as seen by 
the differences of the K, for ATP and the isomers 
of ATP (as). 
2. On the other hand, catalysis is rather sensitive 
to conformational changes in the phosphate moiety 
of the ATP molecule: v’,, of the B-form is only 
2% of the v’,, of the A-form. From the data 
presented here the ATP (cYS) A-form appears to be 
more similar to ATP in the enzyme-substrate 
complex since Vlrnax ATP (Lys) &forn, is 28% of 
V max ATP. It is interesting to note that substitution 
of an oxygen atom by sulfur in the y-phosphate of 
ATP as in ATP (-yS) [7] leads to complete loss of 
substrate activity in the hexokinase reaction [ 111. 
3. This difference in enzymatic activity can be 
used for enzymatic enrichment which could lead to 
purification of the diastereoisomers on a preparative 
scale [8] . 
Modifications in the phosphate moiety of adenine 
nucleotides, especially those leading to chiral centres, 
appear to be promising tools for studies of phos- 
phoryl-transfer reactions. 
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